High mobility group box 1 (HMGB1) is a prototype damage-associated molecular pattern (DAMP) that can induce inflammatory and immune responses alone as well as in combination with other molecules such as DNA. However, the intricate molecular mechanisms underlying HMGB1-DNA complex-mediated innate immune response remains largely elusive. In this study, we demonstrated that HMGB1-DNA complex initially induced absent in melanoma 2 (AIM2)-dependent inflammasome activation, and promoted rapid release of inflammasome-dependent early proinflammatory cytokines such as interleukin 1β (IL-1β). Subsequently, HMGB1-DNA complex stimulated an ATG5-dependent cellular degradation process, autophagy, which was paralleled by a cessation of AIM2 inflammasome activation and IL-1β release. These HMGB1-DNA complex-induced inflammasome activation and autophagy were both dependent on the receptor for advanced glycation endproducts (RAGE) that recognizes a wide array of ligands (including HMGB1 and DNA). Thus, autophagy may function as a negative counter-regulatory mechanism for HMGB1-DNA complex-induced inflammasome activation, and provide a checkpoint to limit the development of inflammation.
HMGB1-DNA Complex-induced Autophagy Limits AIM2
Inflammasome Activation through RAGE
Introduction
Damage-associated molecular patterns (DAMPs) are host-derived molecules released from dead, dying, or injured cells. They mediate both immunogenic and tolerogenic cell death, and participate in the regulation of the innate immune response [1, 2] . Although the list of DAMPs is growing, high mobility group box 1 (HMGB1) is the most widely-studied and best characterized DAMP. HMGB1 is structurally composed of two DNA-binding domains (box A and box B) and an acidic tail modulating DNA binding. HMGB1 is normally present in the nucleus and acts as an architectural protein with DNA binding and bending activity, which plays a specific role in sustaining chromatin structure and function. However, HMGB1 can translocate from the nucleus to the cytosol and then release to the extracellular space in an active or passive manner [3, 4] . Once released, HMGB1 selectively binds to various receptors (e.g., receptor for advanced glycation endproducts [RAGE] and Toll-like receptors [TLRs] ) in different cells, and mediates inflammatory responses either by itself or in combination with other molecules [5, 6] . In particular, extracellular HMGB1 can bind to various types of DNA, including host genomic, mitochondrial, and microbial DNA, to form a complex to enhance the innate immune response to nucleic acids [7, 8, 9] . However, the molecular mechanisms underlying the HMGB1-DNA complex-mediated innate immune response still remains largely elusive.
Inflammasomes are innate inflammatory protein complexes of pro-caspase 1, adaptor proteins (e.g., apoptosis-associated speck-like protein containing a CARD, ASC) and a member of the PYHIN family (e.g., the absent in melanoma 2, AIM2). The assembly of inflammasome enables the activation of caspase-1 and the production of interleukin 1β (IL-1β), an important proinflammatory cytokine in human disease [10] . Carrying two oligonucleotide-binding domains, AIM2 can function as a DNA sensor and activate inflammasome in response to cytoplasmic DNA [11, 12] . In this study, we describe a novel regulatory mechanism for the HMGB1-DNA complex-mediated innate immune response. We demonstrated that HMGB1-DNA complex initially induced AIM2-dependent inflammasome activation and IL-1β release, and subsequently stimulated ATG5-dependent autophagy. Although both processes were dependent on the availability of RAGE, the subsequent autophagy may function as a negative counter-regulatory mechanism for the initial inflammasome activation, and provide a checkpoint to limit the development of inflammation.
Methods

Reagents
The antibodies to DNA-dependent activator of IFN-regulatory factors (DAI), leucine-rich repeat (in FLII) interacting protein 1 (LRRFIP1), AIM2, TLR4, and RAGE were obtained from Abcam (Cambridge, MA, USA). The antibodies to actin, microtubule-associated protein 1 light chain 3 (LC3), and ATG5 were obtained from Cell Signaling Technology (Danvers, MA, USA). Poly(dA:dT)/LyoVec™ was obtained from InvivoGen (San Diego, CA, USA). High purity recombinant HMGB1 protein was generated as previously described [13] .
Cell culture
THP-1 and HL-60 cell lines were obtained from ATCC and cultured in RPMI-1640 Medium or Iscove's Modified Dulbecco's Medium (Life Technologies, USA) with 10% heatinactivated FBS, 2 mM glutamine, and antibiotic-antimycotic mix in a humidified incubator with 5% CO 2 and 95% air.
Measurement of IL-1β release
IL-1β released into cell culture supernatants was evaluated using an enzyme-linked immunoabsorbent assay (ELISA) kit from R&D Systems, Inc. (Minneapolis, MN, USA) according to the manufacturer's instructions.
Measurement of caspase 1 activation
Caspase 1 activation in cell lysis was evaluated using a Caspase 1 Assay Kit (Colorimetric) from Abcam according to the manufacturer's instructions. The assay is based on spectrophotometric detection of the chromophore p-nitroanilide (p-NA) after cleavage from the labeled substrate YVAD-p-NA.
RNAi
Short hairpin RNA (shRNA) against human DAI, LRRFIP1, AIM2, ATG5, TLR4, and RAGE were obtained from Sigma (St. Louis, MO, USA) and were transfected into cells using lentiviral-mediated transfection (Sigma) according to the manufacturer's instructions. Detection of knockdown was assayed by Western blot.
Western blotting analysis
Cells were lysed in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 1% NP40 supplemented with a protease inhibitor (Complete Mini EDTA-free; Roche, Indianapolis, IN, USA) and phosphatase inhibitor mixture II (Sigma) [14] . Thirty micrograms of protein per lane was run on a denaturing 10% SDS-PAGE gel and subsequently transferred to polyvinylidene fluoride membranes via semidry transfer. After blocking the membrane at room temperature for three hours, the membrane was incubated overnight at 4 °C with various primary antibodies. After incubation with peroxidase-conjugated secondary antibodies for one hour at 25°C, the signals were visualized using enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Statistical analysis
Data are expressed as means ± SD. Significance of differences between groups was determined by two-tailed Student's t test or ANOVA LSD test. A p-value < 0.05 was considered significant.
Results
HMGB1 enhances DNA-induced inflammasome activation in human monocytic cells
Poly(dA:dT), a repetitive synthetic double-stranded DNA (dsDNA) sequence of poly(dAdT)•poly(dT-dA), can trigger inflammasome-mediated IL-1β production [15] . Given that a previous study demonstrated that HMGB1 can directly bind to poly(dA:dT) in vitro [16] , we therefore examined whether exogenous HMGB1 would affect poly(dA:dT)-induced caspase 1 activation and IL-1β release in human monocytic cells (THP-1 and HL-60). By itself, HMGB1 triggered significant caspase 1 activation and IL-1β release within 3 h only when given at high (5 μg/ml), but not low dose (200 ng/ml), doses ( Figure 1A and 1B) . However, at low doses, HMGB1 significantly enhanced poly(dA:dT)-induced caspase 1 activation and IL-1β release within 3 h, but not anymore at a late stage (8-24 h) ( Figure 1A and 1B) . Thus, there is a synergistic effect between low dose HMGB1 and dsDNA in triggering inflammasome activation and IL-1β release at an early stage.
AIM2 is required for HMGB1-DNA complex-mediated inflammasome activation
Poly(dA:dT) is recognized by several cytosolic DNA sensors, including DAI [17] , LRRFIP1 [18] , and AIM2 [15] . To determine whether all these cytosolic DNA sensors were responsible for HMGB1-DNA complex-mediated inflammasome activation, we transfected THP-1 cells with specific shRNA targeting DAI, LRRFIP1, or AIM2, respectively ( Figure  2A ). The knockdown of AIM2, but not DAI or LRRFIP1, significantly impaired HMGB1-poly(dA:dT)-induced caspase 1 activation and IL-1β release in THP-1 cells ( Figure 2B) . Similarly, the knockdown of AIM2 by shRNA in HL-60 cells ( Figure 2C ) also inhibited HMGB1-poly(dA:dT)-induced caspase 1 activation and IL-1β release ( Figure 2D ). Collectively, these findings suggest an essential role for AIM2 in HMGB1-DNA complexmediated inflammasome activation.
RAGE is required for HMGB1-DNA complex-mediated inflammasome activation
HMGB1 is recognized by several cell surface receptors such as RAGE and TLR4 [5] . To determine which receptor is required for HMGB1-DNA complex-mediated inflammasome activation, we transfected THP-1 cells with specific shRNA targeting RAGE or TLR4, respectively ( Figure 3A) . The knockdown of RAGE, but not TLR4, significantly attenuated HMGB1-poly(dA:dT)-induced caspase 1 activation and IL-1β release ( Figure 3B) . Similarly, the suppression of RAGE expression by shRNA in HL-60 cells ( Figure 3C ) also impaired HMGB1-poly(dA:dT)-induced caspase 1 activation and IL-1β release ( Figure 3D ). These findings suggest that RAGE is important for HMGB1-DNA complex-mediated inflammasome activation.
Autophagy limits HMGB1-DNA complex-mediated AIM2 inflammasome activation
Autophagy is generally a programed survival mechanism in response to stress; however, excessive autophagy can cause cell death [19, 20] . Autophagy can be measured by tracking the level of conversion of LC3-I to LC3-II. In particular, LC3-II levels correlate with autophagosome formation due to its association with the autophagosome membrane [21] . Consistent with our previous findings [22, 23] , we found that exogenous HMGB1 significantly increased LC3-II levels only at a late stage (24 h) and when given at a high dose ( Figure 4A) . However, at relative low doses, HMGB1 enhanced poly(dA:dT)-mediated elevation of LC3-II production at 24 h ( Figure 4A) , suggesting a synergistic effect between low dose HMGB1 and dsDNA in triggering autophagy.
To understand the possible relationship between HMGB1-DNA complex-induced inflammasome activation and autophagy, we transfected THP1 cells with shRNA targeting key signaling molecules of these processes. The knockdown of AIM2 resulted in a reduction of IL-1β release (Figure 2 ), but not LC3-II production, in response to HMGB1-DNA complex ( Figure 4B ). In contrast, the knockdown of the autophagic regulator ATG5 inhibited LC3-II expression and prolonged IL-1β release to 24 h following stimulation with HMGB1-DNA complex ( Figure 4C ). These findings suggest that the activation of autophagy at the late stage may limit the extent and timing of the HMGB1-DNA complexmediated AIM2 inflammasome activation. This mechanism may explain why IL-1β release is only observed during an early stage of monocyte activation. In addition, we observed that the knockdown of RAGE impaired HMGB1-DNA complex-induced IL-1β release ( Figure  3 ) and LC3-II production ( Figure 4D ), suggesting an important role for RAGE in HMGB1-DNA complex-induced inflammasome activation and autophagy ( Figure 4E ).
Discussion
HMGB1 is a prototype DAMP that can induce inflammatory and immune responses by itself as well as in combination with other molecules [6] . Growing evidence has pointed to a correlative and causative relationship between serum HMGB1 and the development of many human diseases, including inflammatory, autoimmune, and neurodegenerative diseases and cancers [24, 25] . Thus, it is important to understand the mechanism of HMGB1-mediated innate immune responses under pathophysiological conditions. In this study, we provided the first evidence that HMGB1-DNA complex can activate both injury (inflammasome) and anti-injury (autophagy) mechanisms in human monocytic cell lines. The activation of autophagy at the late stage may have limited the extent of HMGB1-DNA-mediated inflammasome activation and cytokine IL-1β release. These findings therefore identified a novel negative feedback regulatory mechanism for controlling HMGB1 activity in the innate immune response.
Inflammasomes are cytosolic multiprotein complexes that include an inflammasome sensor molecule, the adaptor protein ASC, and caspase 1. They play an important role in monitoring pathogen-associated molecular pattern molecules (PAMPs), DAMPs, or other cellular alarms, and activate programmed cellular immune responses such as caspase 1 activation and the release of pro-inflammatory cytokines (e.g., IL-1β) [10] . The concentrations of serum HMGB1 in patients can easily reach 200 ng/ml [26] . By itself, however, HMGB1 fails to trigger inflammasome activation when given at lower doses (200 ng/ml). If given at higher doses or in combination with DNA, HMGB1 can effectively stimulates AIM2-dependent inflammasome activation as manifested by increased caspase 1 activation and IL-1β release. These findings support the recent notion that pure recombinant HMGB1 has low or no immune activity and only acts as a DAMP when HMGB1 binds with other proteins or molecules [6] . It is not yet known whether HMGB1-DNA complex also promotes HMGB1 release through activating inflammasome, which has been suggested as a key regulatory mechanism of HMGB1 release [27, 28] . If so, it would suggest crossregulatory relationship between HMGB1 release and inflammasome activation in innate immune responses.
Recently, a large number of studies have suggested that both DAMPs and PAMPs can activate autophagy [29] ; whereas dysregulated autophagy is linked to inflammation and immunity [30] . For instance, we have recently proposed HMGB1 as a positive regulator of autophagy, and HMGB1-mediated autophagy increases chemotherapy resistance in several tumors [22, 23, 31, 32, 33] . Consistently, the conditional knockout of HMGB1 in the pancreas, liver, or myeloid cells renders mice more sensitive to injurious [34, 35] and infectious insults [36] partly through inhibition of autophagy [36] and upregulation of mitochondrial injury [35] and DNA damage [34] . Our current study now indicates that the induction of autophagic response may provide a negative feedback regulation of early inflammasome signaling elicited by HMGB1-DNA complex. This possibility is supported by previous reports that the impairment of autophagy promoted caspase 1 activation and release of inflammasome-dependent cytokines [37, 38, 39] Indeed, autophagy can limit inflammasome activation at multiple levels [39, 40, 41] such as by eliminating damaged mitochondria (to prevent mitochondrial DNA release) [42] , removing active inflammasomes [38] [39] , and destroying cytoplasmic HMGB1 [43, 44] . Thus, autophagy dysfunction is causatively linked to the aberrant immune response, although the role of autophagy in inflammation and immunity is both dynamic and highly complex.
As a cell surface receptor for multiple ligands (including HMGB1 and DNA) [45] , RAGE is involved in the initiation and propagation of inflammatory responses. Consistently, the genetic disruption of RAGE expression renders animals resistant to lethal systemic inflammatory insults such as sepsis [46] . Indeed, RAGE increases innate immune responses to HMGB1 and CpG-rich dsDNA [8] , and is essential for the AIM2-dependent immune response to HMGB1 and poly(dA:dT) dsDNA. It has supported an exciting possibility that RAGE serves as a central receptor for innate recognition of HMGB1-DNA complexes.
In summary, our findings show that autophagy functions as a negative regulator of HMGB1-DNA-induced AIM2-dependent inflammasome activation. This work also reinforces the important role of RAGE in regulating the host response to extracellular HMGB1 and dsDNA. Total protein extracts were used for Western blot analysis. IL-1β release (C) was analyzed using ELISA (n=3, * P < 0.05 versus control shRNA group). (E) Schematic of the mechanism by which HMGB1-DNA complex modulates the inflammatory response by regulating inflammasome activation and the autophagic response at the early and late stages, respectively.
